Abstract. The model of soils with different porosity in the framework of the associated theory of plasticity is presented The single analytical function describes the loading surface in the stress space. The deformational hardening/softening and the phenomenon of dilatancy during plastic flow are incorporated in the model. The triaxial compression tests are simulated and compared with the experimental results for different values of the void ratio and initial hydrostatic stresses.
Introduction
In accordance with the classical plastic flow theory total strain rate İ is decomposed into an elastic g , where g is the second-order tensor of the plastic flow direction that is normal to a plastic potential surface in a stress space and the plastic multiplier Ȝ determines the magnitude of the plastic strains. Adopting other governing equations, the stress rate ı can be finally written in terms of the total strain rate İ as
where D is the elastic stiffness tensor. The double contractions of tensors are denoted by one dot, the symbol ⊗ denotes a tensor product and the tensor of tangent elastoplastic modulus or the elastoplastic continuum fourth-order operator ep D is generally no symmetric for arbitrary g , except the case of an associative flow rule f = ∂ ∂ = f ı g which is here discussed.
Depending on the hardening/softening modulus H and the loading function f or the gradient tensor , f the different material response can be obtained in the constitutive equation (1) , see [1] .
For isotropic materials a surface of the loading function f is usually given in the stress space and can be convenient expressed in terms of scalar invariants of the stress tensor ı . Using the deviatoric stress tensor s and the standard decomposition of the stress tensor into its spherical and deviatoric parts 1 3 ( ) tr = + ı ı I s , we write the scalar invariants as
where the invariant p is equal to the mean effective stress or the octahedral normal hydrostatic stress, q is the equivalent shear stress, tr ı is the first principal invariant of the stress tensor, σ σ = , see [2] .
The loading function
The shape of the loading function surface is illustrated in Fig.1 , where its cross-sectional trace in the deviatoric plane and its meridians in the meridian planes are shown. The function is continuous, smooth and convex. Since the surface is closed at both ends, it entirely accounts for effect of the hydrostatic pressure. 
where ( ) 
In the loading function (3) we have curved meridians. The trace of the failure surface on deviatoric sections is shown in Fig. 1 . It is neither circular nor irregular hexagon and depends on the angle θ (or the Lode parameter ).
ζ
The cross-sectional shape of the loading surface on the deviatoric plane is a curvilinear triangle and it has the standard threefold symmetry with the maximal radius c q on the compressive meridian ( 
The loading function (3) can be matched to the Drucker-Prager failure criterion which can serve as the limit state surface. Matching the coordinates of the apexes we will obtain 
It should be noted that the point ( , , ) p q ζ of the current loading corresponds to the softening state of the material if it lies outside the limit surface of the Drucker-Prager criterion.
Hardening and softening behaviour
The hardening/softening modulus H in the constitutive equation (1) 
where the scalar κ is introduced as the internal measure for hardening/softening of the plastic flow. In the case of work hardening/softening, the scalar κ is the plastic work measure pl κ = ⋅ ı İ . Substituting κ in the expression (10), we will obtain
where
=∂ ∂ are plastic octahedral compressive and shear modules, respectively. We assume that the soil hardening is characterized by the modulus h K whereas the soil softening by the modulus s G .
We also assume that the void ratio e is a basic physical characteristic of soil behaviour and can be taken as a hardening internal variable. This variable is changing during the triaxial loading and is indirectly dependent on the octahedral normal stress p . The strength of soils increase as the void ratio decreases. Based on the experimental consolidation line shown in Fig. 2 
If the stress state lies outside of the limit state surface (Fig. 1) , it cannot be accepted as a solution because of violation of the classical Drucker's postulate about the positive dissipation of energy during the plastic deformation. This is a range of damaged behaviour of the soil that is caused by octahedral shear strains when octahedral shear stresses exceed limit values. However, we can observe in practice that the process of soil deformations continues as a softening of the material. In the ( ) q γ − -plane (Fig. 3b) , the softening of the 
where t G is the tangent modulus of the octahedral shear strain and s G is the tangent plastic modulus. To determine the modulus t G , the curve in the ( ) q γ − -plane can be again used, for example with the following analytical expression for the descending and ascending branch ( )
and peak values of the curve are denoted by Ȗ and q . As shown in Fig. 3a , if the current stress state with coordinates ( , ) p q lies outside of the limit surface (the point 1 in Fig. 3a) , the softening behaviour, associated with the descending branch of the curve in the ( ) q γ − -plane, should be determined by the strain state of soil, e.g. by the octahedral shear strain. The corresponding stress state, as defined by the curve, would be below the limit stress state. This formally means a return to the inside of the surface of the Drucker-Prager yield criterion (the point 2 in Fig. 3a) . (16) for different values of e and with a comparison to the experimental data from [7] .
Taking the derivative of the function (15) with respect to γ , we will receive
where the nonlinearity function equals to
Dilatancy
The phenomenon of dilatancy during plastic flow is observed for many geomaterials. The associative plasticity usually employs as flow potential the classical yield function of the standard Drucker-Prager cone. However, the description of dilatancy in the framework of the theory of the plastic flow based on the relationship (1) is impossible because of violation of the classical Drucker's postulate about the positive dissipation of energy during the plastic deformation. To derive the appropriate flow rule one can write the plastic flow law by means of two equations of stress invariants, the one for the volumetric plastic strain and the second one for the octahedral shear plastic strain in the form [8] 
Hence, considering the expression (13 2 ), we can write the following relationship 
Validation
The use of the model for the soil mechanics problems is validated next by a comparison with results available in the literature. In the first example, drained triaxial tests from [2] are investigated. The results of experimental data from [7] Fig. 4 in diagrams of the difference of principal stresses versus vertical axial strain (Fig. 4a) and the volumetric strain-vertical axial strain diagrams (Fig. 4b) . Good agreement is found. The response of the model in the triaxial compression test is quite realistic. 
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